Since 1995, most mills in Canada have biotreatment in order to meet effl uent regulatory limits for toxicity, biochemical oxygen demand, and total suspended solids. With occasional exceptions, the limits have been met. However, questions remain about effl uent biotreatment regarding environmental protection, such as the reproductive capacity of fi sh. To address these concerns, a series of before-after studies were undertaken during the past decade. These included i) comparisons of effl uents before and after biotreatment by means of fi sh (vitellogenin activity and egg production) and Ceriodaphnia (young production) tests done in the laboratory and ii) comparisons of fi sh communities in a river before and after the installation of effl uent biotreatment at two mill sites. In all laboratory tests and with respect to all endpoints examined in these tests, the effects of the effl uents after biotreatment were less or nonexistent when compared with the effects of the effl uents before biotreatment. The assessment of the fi sh communities based on various metrics (e.g., percent piscivores, percent fi sh with anomalies) indicated improved conditions after the installation of biotreatment. Taken overall, the results indicated that biotreatment has improved effl uent quality and this has resulted in clear improvements for the receiving environment.
Introduction
In Canada, the Pulp and Paper Effl uent Regulations were revised in 1992 (Fisheries Act 1992). The revised regulations set stricter biochemical oxygen demand (BOD) and total suspended solids (TSS) limits. As well, there was a requirement that the effl uents, at 100% concentration, cause no more than 50% mortality in 96-h tests with rainbow trout (Oncorhynchus mykiss). The revised regulations necessitated the installation of effl uent biotreatment at mills that had no such facilities, or upgrades at some of the mills with existing biotreatment facilities. Through effl uent biotreatment, the industry was able to achieve regulatory compliance with only occasional exceptions (Kovacs et al. 2002a) .
While regulatory compliance through biotreatment is a noteworthy achievement, the ultimate goal is to protect the environment and ensure the survivability, growth, and reproduction of aquatic organisms living in waters receiving effl uents from pulp and paper mills. One of the key concerns regarding mill effl uents is the potential to alter fi sh reproduction, possibly through endocrine disruption, and thereby infl uence fi sh populations/communities (Lowell et al. 2005; Hewitt et al. 2008) . What is the role of effl uent biotreatment when it comes to effl uent-related effects on fi sh reproduction? The available information from research studies that could answer this question is scarce and contradictory. There have been reports that effl uent biotreatment reduces effects, but there have also been reports of no benefi t and even worsening of effl uent quality (Hewitt et al. 2008) . Aside from research studies, another source of information about mill effl uents may be the Environmental Effects Monitoring (EEM) studies. The revised Canadian regulations require the completion of EEM studies at each mill site every three years. The goal is to look for effects of mill effl uents on wild organisms and use the information to evaluate the adequacy of the regulations on a site-specifi c basis. The EEM includes an assessment of wild fi sh upstream and downstream from mill discharges. In addition, mill effl uent must be tested in the laboratory for sublethal toxicity to algae, invertebrates, and fi sh. One of the invertebrate tests examines the effects of effl uents on Ceriodaphnia reproduction. To date, four EEM cycles have been completed and this covers the period of biotreatment installation and upgrades in Canada. For fi sh, the national dataset for each cycle was subjected to meta analysis (Lowell et al. 2005) . The meta analysis showed a national pattern for effl uent-exposed fi sh: larger livers and condition factors but smaller gonads. This is interpreted as effl uent-related metabolic disruption with the potential to jeopardize fi sh reproduction. While the national pattern observed for several cycles has diminished with time (Tessier et al. 2009) , no analysis of the data has been made to assess specifi c situations at individual mill sites before and after the installation or upgrade of biotreatment systems. In terms of sublethal toxicity tests, there has been a dramatic improvement in effl uent quality, including reduced effects on Ceriodaphnia reproduction, between the fi rst and second EEM cycles (Scroggins et al. 2002) when most of the changes in effl uent treatment occurred. However, there was no comparison of effl uent toxicity before and after biotreatment that would have allowed a direct measure of biotreatment performance.
The assessment of the role of effl uent biotreatment requires studies specifi cally designed for this purpose. These need to include laboratory tests with direct comparisons of reproductive capacity of aquatic organisms (currently of greatest concern) exposed to mill effl uents before and after biotreatment, as well as the appraisal of wild fi sh downstream from mill discharges before and after the installation of biotreatment facilities. Such before-after studies have been done at FPInnovations (formerly Paprican) as part of a larger effort aimed at monitoring effl uent quality in relation to changes in mill operating conditions over time. The aim here is to collate the information related to effl uent biotreatment, some of which has already been published (Kovacs et al. 2002b; Martel et al. 2008) , to ascertain the role of biotreatment beyond regulatory compliance, particularly regarding its role in the protection of the aquatic environment.
Methods

Laboratory Tests
Test species: The three species used for testing in the laboratory included the fathead minnow (Pimephales promelas), rainbow trout, and Ceriodaphnia dubia. The fathead minnow and the rainbow trout were maintained in well water (pH approximately 8.3, hardness approximately 250 mg/L as CaCO 3 , and alkalinity approximately 160 mg/L as CaCO 3 ). The Ceriodaphnia were maintained in a mixture of well water (70%) and distilled water (30%).
Adult fathead minnow reproduction test:
The tests with 10-to 16-month-old fathead minnows were done under fl ow-through conditions at 25 ± 1°C and followed two published protocols (Ankley et al. 2001; Kovacs et al. 2007 ). The main difference in the two protocols was test duration. In one, the fi sh were kept under preexposure conditions for three weeks followed by a three week exposure to effl uents. The detailed conditions for these tests have been published by Martel et al. (2008) . In the tests of shorter duration, both the preexposure and effl uent-exposure periods were reduced to fi ve days (Kovacs et al. 2007) . Otherwise, the test protocols were similar to the longer-term tests. There were four replicates of each control and effl uent-exposed groups. During the experiments, the fi sh were monitored for egg production.
Rainbow trout vitellogenin tests:
Eight immature rainbow trout (weight 0.5 to 1.4 g) were exposed to 15-to 17-L volumes of effl uents for seven days under static renewal conditions. The full test volume was replaced daily. The loading densities (0.07 to 0.18 g/L), aeration rates (6.5 cm 3 per L per min), dissolved oxygen (>70% saturation), and pH (6.5 to 8.5) were all in keeping with the Environment Canada (2000) protocol for acute lethality toxicity tests with trout. Test temperature was 13 ± 1°C.
At the end of each test, the fi sh were sacrifi ced and measured for length and weight. The carcasses were homogenized individually in phosgel buffer (0.04 M Na 2 HPO 4 , 0.009 M NaH 2 PO 4 , 0.1% gelatin, and 0.0002 M Thimersol; pH 7.6) at 4°C and centrifuged at 3100×G for 10 minutes, also at 4°C. The resulting supernatants were stored at -80°C for vitellogenin analysis.
Analysis of vitellogenin (VTG) was conducted using the rainbow trout EIA (enzyme immunoassay) kit from Biosense Laboratories (Bergen, Norway). This enzymelinked immunosorbent assay (ELISA) uses the specifi c binding of antibodies with vitellogenin to quantify the amount of the vitellogenin in individual fi sh samples (blood and whole body homogenates). Whole-body homogenates were used in this study as it was not possible to obtain suffi cient blood samples for VTG analysis from the fi sh weighing 0.5 to 1.4 g.
Ceriodaphnia dubia reproduction tests:
The tests with Ceriodaphnia dubia followed Environment Canada (1992) static renewal protocols. The tests were done in 30-mL plastic containers (10 replicates) with full test volume replacements every day. The test endpoint is survival and young production. The tests were terminated when at least 60% of the controls had three broods of young (neonates), which occurred within seven days.
Effl uents:
The details of the mills selected for effl uent sampling are shown in Table 1 . At each mill site, the effl uents were sampled simultaneously before and after biotreatment by mill staff. In order to reduce the workload for mill staff, the collection of the effl uents before and after biotreatment was not done in a staggered manner that took into account actual treatment times. As such, an assumption was made that the simultaneous sampling accurately refl ected biotreatment performance. This assumption was strengthened by the knowledge that, at the time of sampling, the mills were operating under steady-state conditions. Effl uents from fi ve mills were sampled for the fathead minnow egg production tests, and effl uents were sampled from 12 mills (four of the 12 mills were the same as for the fathead minnow tests) for the rainbow trout VTG tests and the C. dubia reproduction tests (see Table 1 ). The mills represented the major types of pulp manufacturing processes and effl uent biotreatment facilities in Canada. The fathead minnow tests were performed with effl uents from three bleached kraft (BK) mills and two thermomechanical pulp (TMP) mills. The BK mill effl uents were treated in aerated stabilization basins and the TMP mill effl uents were treated in activated sludge plants, including a sequential batch reactor. The C. dubia and the rainbow trout VTG tests were performed with effl uents from fi ve TMP mills, one bleached chemithermomechanical pulp (BCTMP) mill, four kraft mills, and two multiprocess (MP) mills that employed more than one pulping process (e.g., kraft and TMP). The effl uents at the TMP/BCTMP mills were treated in activated sludge plants, including a sequential batch reactor. The kraft mill effl uents were treated in aerated stabilization basins and oxygen activated sludge (OAS) plants, while the effl uents from the multiprocess mills were treated in OAS plants.
Each effl uent before biotreatment was tested at three or four concentrations and each effl uent after biotreatment was tested at four to fi ve concentrations. For the effl uents before biotreatment, the concentrations for the fathead minnow, Ceriodaphnia, and trout VTG tests ranged from 1 to 65%, 0.1 to 28%, and 1 to 20%, respectively. For the same three tests, the biotreated effl uent concentrations ranged from 2 to 100%, 1 to 100%, and 2 to 100%, respectively.
Statistical analysis:
All the statistical analyses and toxicity threshold estimations followed guidelines provided by Environment Canada (2005) using CETIS v1.7.0revW software (Tidepool Scientifi c Software) or Statgraphics Centurion XV software (StatPoint Inc.). For the fathead minnow and Ceriodaphnia reproduction tests, the inhibition concentration causing a 25% decrease (IC25) in the number of eggs and young produced, respectively, was estimated by monotonic smoothing and linear interpolation, with the 95% confi dence intervals calculated by a bootstrap method. The trout VTG data were tested for normality and homogeneity. Effl uentrelated effects were determined by analysis of variance (ANOVA) at p < 0.05. In cases when the ANOVA indicated a signifi cant effl uent-related effect, the Dunnett's test was used to identify the specifi c effl uent concentrations (including the lowest observable effect concentration or LOEC) that were signifi cantly different from the control. The threshold observed effect concentration (TOEC) was calculated as the geometric mean of the no observed effect concentration (NOEC) and the LOEC.
Field Studies
Study area and mill descriptions:
The fi eld studies were done in the portion of the St. François River receiving discharges from three pulp and paper mills ( Fig. 1) , and details of the study area have been published previously (Kovacs et al. 2002b ). The upstream and downstream stretches of the river at each mill site are separated by a dam. This resulted in some habitat differences related to maximum width/depth, fl ow, and dominant substrate (clay, sand, and gravel upstream and alluvium, gravel, sand, and bedrock downstream). The mill at East Angus produces about 230 t/d of unbleached kraft pulp from softwood chips. The mill effl uent is treated (along with municipal effl uent) in a three-cell aerated stabilization basin installed in 1995. The mill at Bromptonville produces about 700 t/d of TMP newsprint from softwood chips. The mill also operates a deinking plant and incorporates about 25 to 30% recycled furnish into its pulp stock. The pulp is brightened with sodium hydrosulphite. The effl uent is treated in a sequential batch reactor (since 1995) with a retention time of approximately 5 h. The mill at Windsor produces specialty papers from hardwood bleached kraft pulp. The bleaching sequence is DEoD(P) (see Table 1 for bleaching terminology defi nitions) and the daily production is roughly 1,600 t. The effl uent is treated (since 1987) in an aerated stabilization basin with a 5-d retention time.
Fish community assessment: Fish were sampled during August 1998 by electric shocker along 500 m of shoreline on both sides of the river upstream and downstream from the mill effl uent discharges (Fig. 1) . The sampling sites corresponded to sampling sites of a 1991 study done during August to mid-September (Richard 1996) prior to the existence of biotreatment facilities at the East Angus and Bromptonville mills. This allowed a direct comparison of fi sh communities before and after the 1995 installation of the biotreatment systems at these two sites. Since the third mill on the river at Windsor already had biotreatment system since 1987, the fi sh communities at this site offered another opportunity for comparison at a site where the situation was relatively stable in terms of effl uent quality between 1991 and 1998. Each fi sh was identifi ed by species and their lengths and weights were recorded. A maximum of 20 fi sh from each site were examined for external anomalies such as fi n erosion, lesions, tumours, and the presence of parasites. The fi sh communities were characterized by the following metrics: percent omnivores, percent insectivores, percent piscivores, percent fi sh with anomalies, number of Catostomidae, and number of pollution intolerant species.
Results
Laboratory Tests
Adult fathead minnow reproduction test. The egg production data for the tests with the effl uents from the fi ve mills are summarized in Table 2 . For the three kraft mills, the effl uents before biotreatment caused a 25% reduction in egg production (IC25) at concentrations of approximately 3 to 32%. The IC25s for the biotreated kraft mill effl uents were 29, 48, and >40%. This represents a 1.5-fold (Mill 3) to more than 11-fold (Mill 1) improvement in effl uent quality. For the two TMP mills, the IC25s of the effl uents before biotreatment were <1 to 2%. The IC25s for the biotreated TMP effl uents were 24 and 27%, representing a 48-and 68-fold reduction in effl uent-related effects, respectively. The average IC25 of the effl uents before biotreatment was 8%, and after biotreatment it was 34%, representing a 4-fold overall decrease in effects.
Rainbow trout vitellogenin tests:
Virtually all of the effl uents before biotreatment caused a statistically signifi cant induction of VTG activity in immature rainbow trout (see Table 3 ). The TOEC for the 12 effl uents before biotreatment ranged from 1 to 14%. There was little difference in the TOEC for these effl uents originating from mills using different processes and biotreatment systems. After biotreatment, the TOEC of the effl uents increased in the range of 28 to >100%, representing 7-to 100-fold reductions in the VTG response (a TOEC of >100% was assumed to be 100%). The average TOEC for the VTG effect for effl uents before biotreatment was 4.6%, while after biotreatment it was 83%. This represents an 18-fold reduction in effects based on averages.
Ceriodaphnia dubia reproduction tests. The results of the Ceriodaphnia tests are shown in Table 4 . The IC25s for the effl uents before biotreatment ranged from 0.01 to 20%. The greatest effects were caused by the effl uents from the TMP/BCTMP mills, with IC25s ranging from 0.01 to 0.4%. The IC25s for the kraft mills ranged from 2.7 to 20%. The IC25s for the biotreated effl uents ranged from 9.9 to >100%, representing 2.3-to 4,348-fold reductions of effl uent-related effects (an IC25 of >100% was assumed to be 100%). The greatest reductions were seen for the TMP effl uents because of the very low IC25s of the effl uents before biotreatment. After biotreatment, there was little difference in effl uent quality from mills representing different pulping processes and biotreatment systems. The effl uents before biotreatment had an average IC25 of 2.7%, and the effl uents after biotreatment had an average IC25 of 48%, representing an 18-fold reduction in effects based on averages.
Field Studies
The fi sh community characteristics upstream and downstream from three mills in 1998 (Kovacs et al. 2002b ) are shown in Table 5 . At each site, there were 11 to 16 species and 185 to 758 individuals. At all downstream sites the catch per unit effort and the total number of individuals captured were lower. It was easier to capture fi sh at the upstream sites which were above dams due to the slower fl ows. As well, there were fewer species downstream from the East Angus and Bromptonville mills and an increase downstream from the Windsor mill. Again, this may have been the consequence of differences in habitat above and below the dams.
The composition of the fi sh communities was assessed on the basis of metrics described by Richard (1996) , which originated from metrics developed by Karr (1981) for estimating the Index of Biotic Integrity. The metrics help defi ne the status of the fi sh communities. Specifi cally, the fi sh community is considered to be improved if there is i) an increase in the percent piscivores, percent insectivores, number of Catostomidae, and number of pollution intolerant species, and ii) a decrease in the percent omnivores and percent of fi sh with anomolies. A comparison of the metrics of the fi sh communities at the six sampling locations between 1991 (before the existence of biotreatment facilities at the East Angus and Bromptonville mills) and 1998 is presented in Table 6 . The following differences at the East Angus and Bromptonville mill sites were evident between 1991 and 1998:  At downstream sites, a roughly i) six-fold decrease in the percent omnivores and percent of fi sh with anomalies, ii) three-fold increase in the percent insectivores at East Angus, and iii) two-and seven-fold increases in the percent piscivores at East Angus and Bromptonville, respectively.  At upstream sites from the two mills, i) less than two-fold changes in the percent omnivores, percent insectivores, percent piscivores, and percent fi sh with anomalies at East Angus, and roughly ii) a three-fold decrease in the percent omnivores, two-fold decrease in the percent insectivores, and six-fold increase in the percent piscivores at Bromptonville as well as an increase in the percent of fi sh with anomalies from 0 to 3.3%.  Little change in the number of pollution intolerant species and Catostomidae at all the sites.
At Windsor (see Table 6 ), where effl uent biotreatment was in existence since 1987, the following highlights the comparisons between 1991 and 1998:  At the downstream site, i) a three-fold decrease in percent omnivores, ii) less than a 1.5-fold increase in percent insectivores and piscivores, and iii) less than a two-fold decrease in percent of fi sh with anomalies.  At the upstream site, i) a fi ve-fold decrease in percent omnivores, ii) a six-fold decrease in percent insectivores, and iii) a six-fold increase in percent piscivores.
 Little change in i) the number of pollution intolerant species and Catostomidae at the downstream and upstream sites and ii) the percent of fi sh with anomalies at the upstream site.
The overall assessment of the fi sh communities in 1998 revealed the following:  At East Angus, the fi sh community downstream from the mill had a greater percent omnivores and percent fi sh with anomalies, and a lower percent piscivores. The percent insectivores, number of intolerant species, and Catostomidae were about the same upstream and downstream from the mill.  At Bromptonville, the fi sh community downstream from the mill had a lower percent insectivores and number of Catostomidae, but a greater percent piscivores and number of intolerant species. The percent of the fi sh with anomalies and percent omnivores were about the same.  At Windsor, the fi sh community downstream from the mill had increased i) percent insectivores, ii) number of intolerant species, iii) number of Catostomidae, and iv) percent fi sh with anomalies, and decreased percent piscivores. The percent omnivores was about the same.
Discussion
Effl uent biotreatment has been the cornerstone of the strategy employed by the Canadian pulp and paper industry for compliance with environmental regulations. While the strategy has been very successful regarding regulatory compliance, there has been relatively little information available as to the specifi c role of biotreatment concerning overall effl uent quality relating to the protection of the aquatic environment. The collation of the information in this paper from the before-after biotreatment studies conducted over a period of more than 10 years indicates that effl uent biotreatment had demonstrable benefi ts, beyond regulatory compliance, both in terms of tests done in the laboratory to assess effl uent quality and in terms of the assessment of wild fi sh communities in a river.
Laboratory Tests
The laboratory tests were done with effl uents from 13 mills representing the major types of pulp/paper manufacturing processes and types of biotreatment systems in Canada. The three laboratory tests were selected for the purpose of best assessing the effects of effl uents on the reproductive capacity of aquatic organisms, including endocrine disruption. Specifi cally, egg production by the fathead minnow has been found to be the most sensitive indicator of effl uent-related reproductive effects (Parrott 2005), the VTG induction in immature fi sh such as rainbow trout is considered to be a standard test for endocrine disruption (Hiramatsu et al. 2006; Jones et al. 2000) , and young production by Ceriodaphnia is a good indicator of reproduction by invertebrates (Environment Canada 1992). These laboratory tests provided strong evidence regarding the benefi ts of effl uent biotreatment on effl uent quality. Specifi cally, biotreatment reduced/eliminated mill effl uent-related effects in terms of i) egg production by the fathead minnow, ii) induction of VTG in rainbow trout, and iii) young production by Ceriodaphnia. These improvements were observed for all 13 effl uents representing different manufacturing processes and types of biotreatment and for all the endpoints. In no case was there either no improvement in effl uent quality after biotreatment or a worsening of effects. While the benefi t of biotreatment on effl uent quality was noted in all cases, there were differences in the degree of the benefi ts. The degree of the benefi ts could depend on many factors, such as the manufacturing process (both pulping and bleaching/brightening), the wood furnish, the type of effl uent biotreatment (e.g., activated sludge, aerated stabilization basin), the quality of the effl uent before biotreatment, and water usage. However, this series of investigations showed that the degree of benefi t is not exclusively linked to any one of these factors. In fact, the manufacturing process (including wood furnish) and the type of biotreatment had no consistent role regarding the quality of the biotreated effl uents (see Tables 2 to 4 ). For example, activated sludge (one of the most commonly used biotreatment systems in Canada) and oxygen activated sludge treatment completely eliminated (i.e., IC25 >100%) the effects of effl uents from a TMP and kraft mill (representing the major types of pulping processes in Canada), respectively, on the reproduction of Ceriodaphnia. On the other hand, at another TMP mill, the IC25 of the biotreated (also activated sludge) effl uent in a Ceriodaphnia test was only 25%. For kraft mills (using various forms of elemental chlorine free bleaching sequences), the effl uent treated in aerated stabilization basins (common means of treatment for kraft mill effl uents) had IC25s of 9.9 and 46% in tests with the Ceriodaphnia. Prior to biotreatment at these two kraft mills, the IC25 of the effl uents was 2.7 and 20%, respectively, suggesting that in these cases, the quality of the effl uent before biotreatment may have infl uenced the quality of the effl uent after biotreatment. However, in the fi sh reproduction tests, there were examples where the effl uent quality before biotreatment was the same, yet there was substantial difference in effl uent quality after biotreatment (see IC25s for mills 1 and 2 in Table 2 ).
Since none of the mill conditions (e.g., pulping process, wood furnish) considered in this work could fully explain the differences in the degree of benefi ts associated with biotreatment, it is clear that the fi nal effl uent quality from a mill is the consequence of a complex set of factors. The most favourable mill operating conditions achieving the best quality of effl uent remains to be identifi ed in future studies. In the meantime, specifi c mill operating conditions that i) minimize the prevention of loss of organic material to sewer (e.g., spill control) and ii) maximize the effi ciency of the biotreatment systems are the best leads for minimizing risks associated with mill effl uents (Kovacs et al. 2009 ).
In general, the TMP mill effl uents before biotreatment were more toxic to Ceriodaphnia and the fathead minnow than kraft mill effl uents. There are two explanations for this. One, the TMP mills use less water and this results in a greater concentration of causative agents in the effl uents before biotreatment. Two, the TMP mills typically utilize softwoods such as balsam fi r for making pulp. Balsam fi r contains juvabiones which end up in the effl uents and are extremely toxic to Ceriodaphnia (O'Connor et al. 1992 ). The juvabiones do not survive kraft pulping conditions (Walden et al. 1986 ) and they are also easily biodegraded (Leach et al. 1975; Gibbons et al. 1992) . The absence of an overall difference in the quality of the biotreated effl uents from kraft and TMP mills further demonstrates the effi ciency of biotreatment systems in reducing/ eliminating some effects even when the effl uent before biotreatment has substantial effects/differences.
Previous studies testing the quality of effl uents before and after biotreatment in the laboratory have also largely indicated improvements attributed to biotreatment, although not in all cases. Following is a list of laboratory studies showing improvements, which were not necessarily complete elimination of effects after biotreatment of mill effl uents:  Anaerobic/activated sludge treatment of a TMP/stone groundwood mill effl uent resulted in reduced effects on hormone levels (testosterone in both males and females; 17-β-estradiol unaffected by both effl uents) in brown trout (Salmo trutta) and hatchability of trout eggs (Johnsen et al. 2000; Johnsen et al. 2003) .  Female mosquitofi sh (Gambusia affi nis) exposed to effl uent from a kraft/TMP mill a had reduced level of masculinization after biotreatment in a system that pretreats the TMP effl uent in a moving bed bioreactor, which is then combined with the kraft mill effl uent for treatment in a three-pond aerated stabilization basin (Ellis et al. 2003) .  Biotreatment (mill scale: activated sludge and anaerobic/aerobic treatment; laboratory biotreatment: simulating an aerated stabilization basin and activated sludge treatment) of effl uents from four mechanical pulp/paper mills led to decreased effl uent-related effects on Ceriodaphnia reproduction and fathead minnow growth irrespective of the type of biotreatment (Gibbons et al. 1992) . The IC25s of the effl uents for Ceriodaphnia reproduction increased from 0.01 to 0.8% for primary-treated effl uents to 5 to 37% for biotreated effl uents, while the IC25s for the minnow growth tests increased from 0.3 to 5.3% for primarytreated effl uents to 47 to >100% for biotreated effl uents.  In a survey of effl uents from 13 mills (BK and CTMP, TMP), the mixed function oxygenase (MFO) activity was much lower in rainbow trout exposed to the biotreated effl uents (activated sludge and aerated stabilization basin) than to the primary-treated effl uents (Martel and Kovacs 1997) . All 13 primary-treated effl uents caused MFO induction at 10% concentration (most even at 5% concentration and some even at 1% concentration) whereas only three of the 13 biotreated effl uents caused MFO induction at 10% concentration, and the level of induction was lower than that caused by the primary-treated effl uents.  In addition to improved effl uent quality on the basis of laboratory toxicity tests, biotreatment has also been shown to signifi cantly reduce various effl uent components measured by chemical analysis (LaFleur et al. 1998) . In fact, the removal effi ciencies by various biotreatment systems (activated sludge and aerated stabilization basin) at over 40 pulp/ paper mills in the U.S.A. have been classifi ed as moderate to high. For monoterpenes, fatty acids, resin acids, chlorinated resin acids, chlorinated phenolics, sterols, alkylcyclopentenones, acetyl-and propionylthiophenes, and acetophenone, the removal from effl uents in biotreatment systems can be as high as 97 to 100%. The removal or removal effi ciency was not found to be dependent on specifi c types of biotreatment system(s). The only compound not found to be reduced by biotreatment in a signifi cant manner was 1,1-dichlorodimethylsulfone and, so far, this compound has not been tested for biological effects.
Other studies showed less obvious benefi ts of biotreatment or none at all. In one case, goldfi sh were exposed to effl uents from a bleached sulphite (aerated stabilization basin) and bleached kraft mill (activated sludge) before and after biotreatment (Parrott et al. 2000) . The hormone production by the male gonads (as well as plasma hormone concentrations) was reduced by exposure to 100% biotreated effl uent from the sulphite mill. There were no such effects caused by exposure of fi sh to 10% primary-treated effl uent. In this case, a direct comparison of primary-and biotreated effl uents at 100% was not possible because at this concentration the primary-treated effl uent caused mortality. In addition, after process modifi cations made by the mill, including changes in biotreatment, even 100% biotreated effl uent caused no effects on hormone production. This demonstrated that biotreatment itself was not worsening the effl uent. In the case of the kraft mill, primary-treated effl uent up to 40% concentration and 100% biotreated effl uent exiting the bioreactor directly caused no effects on 11-ketotestsoterone production by male gonads. However, 100% effl uent exiting the secondary clarifi er did reduce 11-ketotestosterone production by the males. There was no explanation given and there is no obvious reason for the difference in effl uent quality between the bioreactor outlet and the outlet from the secondary clarifi er. In any case, no direct comparison of effl uent quality before and after biotreatment was possible because the effl uent after biotreatment was tested at 100% concentration and the effl uent before biotreatment was tested at 40% concentration. In a study with mummichog (Fundulus heteroclitus) exposed to 1% concentration of primaryand biotreated effl uents (aerated stabilization basin) from a kraft mill, the reduction of plasma testosterone in males and females was found to be greater in the fi sh exposed to the biotreated effl uent (Dubé et al. 2002) . At the time of the study, the mill used 50% chlorine dioxide substitution to bleach kraft pulp, a practice that is no longer in existence in Canada. Also, no other effl uent concentrations were tested that would have allowed for an estimation of the threshold concentration for the primary and biotreated effl uents. Finally, evidence of masculinization was found in guppies (Poecilia reticulate) exposed to both primary-and biotreated (activated sludge) effl uents from a kraft mill, with effects seen at 5 and 25% concentration of primary-treated effl uent and only 10% concentration (not 5 and 25%) of biotreated effl uent (Larsson et al. 2002) .
Taken overall, direct comparisons of effl uents in laboratory tests have shown that in most cases the biotreatment of effl uents lead to improved effl uent quality. The few cases where no clear improvements have been shown are sometimes complicated by test conditions such as testing the biotreated effl uents at higher concentrations than the effl uents before biotreatment or nonconcentration dependent responses.
Wild Fish Studies
The study of wild fi sh described here did not specifi cally look for reproductive alterations. While such alterations may exist in fi sh exposed to mill effl uents in the St. François River, there was evidence for improved fi sh community status downstream from two mills which installed biotreatment systems. When the individual metrics described here were integrated into an Index of Biotic Integrity or IBI (Karr 1981; Richard 1996) , the IBI scores increased from conditions representing poor fi sh community status before biotreatment (1991) downstream from the East Angus and Bromptonville mills to conditions that by 1998 could be classifi ed as good after the installation of the biotreatment systems in 1995 (Kovacs et al. 2002b) . The improvements in the fi sh communities refl ected the vastly improved condition of effl uent quality based on tests assessing fathead minnow/ algae growth and Ceriodaphnia reproduction (Kovacs et al. 2002b) . No such improvements were evident at the Windsor mill site with an existing biotreatment system since 1987, where the IBI scores represented a good fi sh community status in both 1991 and 1998. However, there was some improvement at the upstream site of the Windsor mill between 1991 and 1998 (see Table 6 ), suggesting that the improvements at sites downstream from the East Angus and Bromptonville mills (both upstream from Windsor) may even have contributed to an overall improvement throughout the river.
While the overall improvements between 1991 and 1998 in fi sh communities at the two sites with biotreatment installations in 1995 were quite evident, the examination of individual metrics indicated that some differences between the fi sh communities upstream and downstream from the mills still existed in 1998 (Table  6 ). For example, in the case of morphological anomalies in fi sh, the frequency upstream from the East Angus mill was 0.3%, whereas the frequency was 2.6% downstream from the mill.
Other studies have also documented improvements or partial improvements in the condition of wild fi sh that were related to effl uent biotreatment. One example was the general improvement in the fi sh communities of a river in the U.S. receiving input from several mills after the mills installed biotreatment systems during the 1970s (Weinbauer et al. 1980) . In studies by Munkittrick et al. ( , 1998 Munkittrick et al. ( , 2003 , where the main focus of interest was at the level of individual fi sh, for example, in terms of gonad size and plasma hormone levels, some improvements in these indicators in fi sh living downstream from mill effl uents have been observed after the installation of biotreatment, but this was not always the case and the complete elimination of responses was not seen. It is possible that the endpoints at the individual fi sh level (e.g., plasma hormone levels) are more sensitive than the metrics used to evaluate the status of fi sh communities (e.g., percent piscivores, percent fi sh with anomalies). As well, the improvements were seen after the mills made changes in operating conditions that included process modifi cations (e.g., bleaching) in addition to effl uent treatment. In other words, these studies were not designed to specifi cally study the outcome of biotreatment installations. Similarly, in the regulatory EEM studies, also evaluating fi sh at the individual level, in this case exclusively on the basis of morphometric characterization (e.g., gonad size), the national pattern of fi sh condition, that is smaller gonads and larger livers/condition factor, continues to be reported, albeit at a reduced level (Tessier et al. 2009 ). To better understand the context of this, in addition to the national pattern, it may be worthwhile to examine the situation at individual mills from 1995 to the present, particularly at sites with biotreatment installations during this period.
In general, as was the case for the evidence coming from laboratory tests, the study of wild fi sh has also indicated benefi ts that can be attributed to effl uent biotreatment. These benefi ts appeared to be greater at the fi sh community level than at the level of individual fi sh.
Summary and Conclusions
On the basis of the FPInnovations work done in the laboratory and with wild fi sh, effl uent biotreatment resulted in i) improved effl uent quality as it relates to current concerns regarding potential effl uent-related effect on the reproduction of aquatic organisms and ii) improved fi sh community status. The improvements in effl uent quality seen in laboratory tests were not dependent on the type of manufacturing process, wood furnish, water usage, or the type of effl uent biotreatment. There were differences in the degree of improvements in effl uent quality from one mill to the next, but the precise reason(s) for these differences is yet unknown. Specifi c mill operating conditions such as spill control and biotreatment effi ciency may be important factors. In the case of wild fi sh, while improvement in the overall communities was evident, differences in some indicators in the status of upstream and downstream fi sh communities continued to exist even after the installation of effl uent biotreatment. The FPInnovations fi ndings are supported by the fi ndings of other studies found in the literature, although there are also reports indicating lesser or little benefi ts associated with biotreatment. One reason for this discrepancy may be the study of different endpoints (e.g., at the individual fi sh level versus community level in the case of wild fi sh studies) and different study designs (e.g., testing effl uents before and after biotreatment at different concentrations).
Taken overall, the results presented here and those available from the literature indicate that biotreatment has improved effl uent quality and this has resulted, or has the potential to lead to, clear improvements in the receiving environment. Residual effl uent-related effects continue to be reported at some sites and the elimination of these will require further studies.
